Abstract Periventricular leukomalacia (PVL) is a lesion of the immature cerebral white matter in the perinatal period and associated predominantly with prematurity and cerebral ischemia/reperfusion as well as inflammation due to maternofetal infection. It consists of focal necrosis in the periventricular region and diffuse gliosis with microglial activation and premyelinating oligodendrocyte (pre-OL) injury in the surrounding white matter. We previously showed nitrotyrosine in pre-OLs in PVL, suggesting involvement of nitrosative stress in this disorder. Here we hypothesize that inducible nitric oxide synthase (iNOS) expression is increased in PVL relative to controls. Using immunocytochemistry in human archival tissue, the density of iNOS-expressing cells was determined in the cerebral white matter of 15 PVL cases [29-51 postconceptional (PC) weeks] and 16 control cases (20-144 PC weeks). Using a standardization score of 0-3, the density of iNOSpositive cells was significantly increased in the diffuse component of PVL (score of 1.8 ± 0.3) cases compared to controls (score of 0.7 ± 0.3) (P = 0.01). Intense iNOS expression occurred in reactive astrocytes in acute through chronic stages and in activated microglia primarily in the acute stage, suggesting an early role for microglial iNOS in PVL's pathogenesis. This study supports an important role for iNOS-induced nitrosative stress in the reactive/inflammatory component of PVL.
Introduction
Periventricular leukomalacia (PVL), the predominant pathological substrate underlying cerebral palsy and potentially cognitive deficits in long-term survivors of prematurity, is a lesion of the immature cerebral white matter typically associated with cerebral hypoxia-ischemia with additional contribution from maternofetal infection in some cases [2, 7, 13, 20] . Pathologically, the PVL lesion is composed of a focally necrotic component in the deep periventricular white matter that is characterized by macrophages and axonal spheroids as well as a diffuse component in the surrounding white matter characterized by reactive astrogliosis and activated microglia. Evidence suggests that there is damage to pre-OLs in the diffuse component [14, 38, 41, 42] which likely results in the myelin deficits in long-term survivors of PVL [6, 8, 10, 19, 28] . In addition to OLs, damage has now been shown to include diffuse axonal injury throughout the white matter [16] and gray matter lesions (neuronal loss and/or gliosis) preferentially in the thalamus, basal ganglia, hippocampus, and brainstem [21, 34] .
The causes of PVL are complex and likely include cerebral ischemia/reperfusion and maternal/neonatal infection with fetal/neonatal systemic inflammation [7, 13, 20, 38, 41, 42] . Because of the complexity of the pathogenesis, identifying common sources of damage is critical to formulate potential therapeutic treatments. Common to both ischemia/reperfusion and infection/inflammation is the production of reactive nitrogen species, in particular nitric oxide (NO). NO production in excess can be detrimental, particularly in the presence of reactive oxygen species, which are known to be associated with PVL [2, 12, 14] . When NO is produced in the setting of oxidative stress, the highly reactive peroxynitrite is formed, leading to macromolecule damage and the formation of the protein adduct, nitrotyrosine (NT). This adduct formation has been identified by our group in PVL in developing oligodendrocytes [14] , white matter neurons [12] , and Cajal-Retzius cells of layer I in the cerebral cortex [12] . One of the most potent sources of NO is inducible nitric oxide synthase (iNOS), the synthetic enzyme that produces NO from the terminal nitrogen of L-arginine. This enzyme is known to be upregulated following hypoxic injury in animal models [18, 24] as well as exposure to inflammatory cytokines [4] , both thought to play a role in the pathogenesis of PVL [7, 13, 41] .
In the following study, we hypothesized that the density of iNOS-immunopositive cells is significantly increased in PVL compared to controls adjusted for age. While we report on findings in both the focal and diffuse lesion, we focused predominantly on the diffuse component rather than the focal necrotic component, because it results in widespread damage, and is therefore the likely basis of the global neurological deficits in long-term survivors of PVL. Using single-and double-label immunocytochemistry (ICC), we found clusters of iNOS-positive macrophages in the periventricular focal necrosis. Within the diffuse component, we found an increase in the density of reactive astrocytes expressing iNOS and a transient increase in activated microglia with iNOS in the diffuse lesion associated with the earliest, acute stage of PVL. These data support an important role for iNOS-induced nitrosative stress as well as a deleterious role of inflammatory cells in the pathogenesis of PVL and subsequent damage to preOLs of the white matter.
Materials and methods

Clinicopathologic database information
Cases were collected from the autopsy services of the Departments of Pathology, Children's Hospital Boston and Brigham and Women's Hospital, Boston, with parental permission according to Institutional Review Board protocols. Archival, paraformaldehyde-fixed, paraffinembedded, brain tissue from either the parietal, occipital, or frontal lobes of 15 PVL cases and 16 control cases (i.e., lacking PVL) was used throughout the study. All cases were classified as PVL or control (non-PVL) by the systematic examination of standardized microscopic sections, stained with conventional hematoxylin-and-eosin/Luxolfast-blue, from each brain and spinal cord by the study neuropathologists (HCK and RDF). As in all studies from our laboratory, PVL was defined as a lesion of the immature cerebral white matter with focal and diffuse components in combination (see above) [3, 14, 16] . We subclassified PVL into three temporal stages based upon histopathologic features of the periventricular focal necrosis: acute PVL was defined as focal periventricular necrosis characterized by coagulative necrosis, cytoplasmic hypereosinophilia and nuclear pyknosis of all tissue elements, and hypereosinophilic axonal spheroids; organizing or subacute PVL with the focal periventricular necrosis characterized by infiltrating macrophages; and chronic PVL characterized by focal cavitation or scar formation with or without mineralization of axons. As determined in the PVL studies from this laboratory [3, 12, 14, 16] , the control cases were defined as perinatal deaths in which neuropathologic examination did not reveal PVL; in these cases, there was no or minimal neuropathologic changes in the white and gray matter.
We analyzed iNOS expression in the cerebral white matter of 15 cases of PVL and 16 control cases without PVL. The PVL cases ranged in age from 29 to 51 PC weeks (median of 39 PC weeks) and 0-15 PN weeks (median of 3 PN weeks); the controls ranged from 20 to 144 PC weeks (median of 38 PC weeks) and 0-104 PN weeks (median of 0 PN weeks). The primary causes of death in the PVL group were: complications of prematurity n = 3; congenital heart disease n = 4; Potter sequence n = 2; primary pulmonary hypertension n = 1; urea cycle defect n = 1; disseminated cytomegalic inclusion (CMV) infection n = 1; undiagnosed inborn error of metabolism n = 1; skeletal dysplasia n = 1; and central congenital hypoventilation syndrome n = 1. The causes of death in the control group included: complications of prematurity n = 2; congenital heart disease n = 2; unexplained n = 2; chromosomal anomalies n = 2; pulmonary hypoplasia n = 1; congenital renal dysplasia n = 1; spinal muscular atrophy n = 1; Potter's sequence n = 1; multiple congenital anomalies n = 1; neonatal immune thrombocytopenia n = 1; primary pulmonary hypertension n = 1; and neonatal liver disease n = 1. Stillbirth cases comprised 7% (1/15) of these PVL cases, i.e., the case with disseminated CMV, and 19% (3/16) of the control cases, i.e., one case each of chromosomal anomalies, congenital heart abnormalities, and unexplained stillbirth; in addition, one case of elective termination (1/16, 6%) (for multiple congenital anomalies) was present in the latter group. The postmortem interval (PMI) ranged from 11 to 24 h for the PVL cases with an outlier at 89 h, and 6-24 h for the control cases with outliers at 36, 48, and 132 h. ANCOVA showed no effect of PMI (P = 0.18) in a model that controlled for diagnosis.
Single-label ICC in paraformaldehyde-fixed, paraffin-embedded tissue Standard methods in deparaffinized tissue sections (5 lm) were performed as previously reported [14] . A rabbit polyclonal antibody made against a synthetic peptide corresponding to the C-terminus of human iNOS was used at a concentration of 1:250 (Calbiochem, San Diego, CA, USA) [30, 43] . Specificity of this antibody was tested using a peptide synthesized by Department of Biological Chemistry and Molecular Pharmacology Biopolymers Laboratory, Harvard Medical School (Boston, MA, USA) with a sequence corresponding to that which the antibody was made against (YRASLEMSAL). A peptide excess of ten times that of the antibody concentration successfully blocked the antibody staining of tissue. Negative controls omitted the primary antibody.
Grading method for single-label ICC Grading of the cell density (positive cells/high power field) of single-labeled tissue sections was performed in both PVL and control tissue, as previously reported by us [11, 12, 14] . After a survey of the entire section, immunopositive cells per high power field (hpf) (940 magnification) were counted in three fields within the most intensely stained area of tissue within the periventricular white matter. The three fields were averaged and given an overall standardization score as follows: 0, no cell staining; 1/2, 0-1 immunopositive cell/hpf; 1, 2-10 cells/hpf; 2, 11-20 immunopositive cells/hpf; and 3, [20 cells/hpf. Only cells with a well-defined nucleus and iNOS-stained cytoplasm were counted as positive. In PVL cases, the quantitated fields were in the diffuse component only; the focal necrotic lesion was not included in any scoring. Two observers (RLH and HCK) scored each case without knowledge of case age. Given the obvious nature of white matter pathology in PVL, it was not possible to score iNOS-immunopositive cells blinded to diagnosis.
Double-label ICC
Tissue was deparaffinized, blocked in PBS containing 5% goat serum and 0.1% Triton X-100 for 1 h at room temperature, and incubated overnight at 4°C in blocking solution containing antibodies to iNOS (1:100) (Calbiochem, San Diego, CA, USA) and either astrocytic marker, glial fibrillary acidic protein (GFAP) (1:8,000) (Sternberger Monoclonal, Lutherville, MD, USA) or reactive microglial marker, CD68 (1:25) (Cell Marque, Austin, TX, USA). After a series of washes, the tissue was incubated in blocking solution containing Alexa Fluor goat anti-rabbit 488 and Alexa Fluor goat anti-mouse 590, both at a concentration of 1:1,000 (Molecular Probes, Eugene, OR, USA).
Quantitation of double-label ICC
Tissue sections from a subset of PVL cases and controls were double-labeled with iNOS and GFAP. After a survey of all fields, double-label images in three different fields within the most intensely stained region of periventricular white matter were taken at 920 power. In each field, red images (GFAP) and green images (iNOS) were merged and printed. From the photographic images GFAP-positive/ iNOS-positive co-labeled astrocytes were counted. This number was then divided by counts for all GFAP-positive astrocytes to determine the percentage of reactive astrocytes that were iNOS positive. In PVL cases, only the diffuse lesion was analyzed; no analysis was done in the focal necrotic lesion.
Statistical analysis
Age-adjusted differences in PVL relative to controls were accessed using analysis of covariance (ANCOVA) adjusting for postconceptional (PC), postnatal (PN), and gestational age (GA). To assess diagnostic differences in the percentage of astrocytes that are iNOS positive, a t test was done examining PVL and control cases of overlapping ages (35-54 weeks). Using ANCOVA, we also examined whether there was an effect of age on the percentage of astrocytes that are iNOS positive in PVL and control cases.
Results
Neuropathology of PVL
In the PVL cases, the stage and degree of severity varied, reflecting the typical spectrum of this pathology in our autopsy service. Fifty-three percent (8/15) of the PVL cases had recognizable focal periventricular necrosis at the time of brain cutting. Fifty percent of these lesions (4/8) were described as cystic, ranging in size from 0.75 to 2.2 cm. The remaining 50% of the macroscopic lesions were described as chalky-white foci of necrosis, i.e., the classic so-called ''white spots'' of PVL, and were typically 2-3 mm in diameter. In the remaining 47% of the total PVL cases in this series (7/15), the necrotic foci were detected only microscopically and varied in size up to approximately 2 mm. Thus, approximately one-half of the necrotic foci were detected upon macroscopic examination at autopsy in this modern day of neonatal care, and one-half were detected microscopically, potentially below the limits of detection by conventional neuroimaging. Germinal matrix hemorrhages of variable severity were identified in 27% (4/15) of the PVL cases and 19% (3/16) of controls, one in the latter group with widespread dissemination throughout the ventricular system.
Expression of iNOS in PVL: focal and diffuse components
We found iNOS expression in both the focally necrotic and diffusely gliotic components of PVL. In the subacute necrosis with organization, there were clusters of iNOSpositive cells with the morphology of macrophages, i.e., large, round cells with eccentric nuclei (Fig. 1a, b) . In the diffuse component, there was extensive iNOS expression in glial cells (Fig. 1c) . Using a 0-3 semiquantitative scoring system, in the diffuse component of PVL we found a significant increase in iNOS-positive glia in PVL cases (standardization score of 1.8 ± 0.3) compared to controls (standardization score of 0.7 ± 0.3) controlling for PC age (P = 0.01) (Fig. 2) . Results were similar when controlling for PN age or GA.
Cell-specific expression of iNOS in PVL: diffuse only
To examine cell-specific expression of iNOS, double-label ICC was performed in representative cases of control tissue (n = 11) and PVL tissue with lesions of various ages (n = 12; 5 acute, 6 organizing, 1 chronic). In the diffuse component of PVL, we observed iNOS-positive activated microglia and reactive astrocytes (Fig. 3) . We observed that iNOS-positive microglia were predominant in the diffuse component associated with acute lesions [three out five cases (60%) with iNOS-positive microglia] whereas iNOS-negative microglia were predominant in the diffuse component associated with subacute (organizing) lesions [four out of six cases (66%) with iNOS-negative microglia] (Fig. 3) . We also observed that iNOS-positive reactive astrocytes were present at all stages of PVL (Fig. 3) and in control tissue to a much lesser degree (see below). To further characterize the colocalization of iNOS and GFAP in PVL and control tissue, we determined the percentage of GFAP-positive reactive astrocytes that colocalize with iNOS in 5 PVL cases (35-51 PC weeks) and 11 controls (23-90 PC weeks) (Fig. 4) . In the cases with overlapping PC age (35-51 PC weeks), we found no difference in the percentage of reactive astrocytes expressing iNOS in the PVL cases (86.4% ± 3.17) compared to controls (89.0% ± 7.7) (P = 0.60) (Fig. 4) . However, when all cases were examined, there was a significant quadratic effect of age in controls (P \ 0.001) with control cases younger than 35 PC weeks (n = 3) and older than 54 PC weeks (n = 1) showing a decreased percentage of astrocytes that were iNOS-positive. It is important to note that while there was no difference in the percentage of reactive astrocytes that were iNOS positive between PVL and controls in the age range of 35-54 PC weeks, there is a significant increase in the number of reactive astrocytes in PVL relative to controls (data previously shown [14] ).
Discussion
Our major finding in this study is that the density of iNOSpositive cells is increased primarily in reactive astrocytes throughout all temporal stages of PVL in the diffuse component relative to controls. Our finding supports reports of increased iNOS mRNA in PVL [22] . Yet, it expands upon the mRNA finding by demonstrating a significant upregulation of protein which is important given the evidence of post-transcriptional regulation of human iNOS mRNA stability [25, 33] . In addition, our data provide evidence of a temporal cell-specific pattern of iNOS, which appears to be associated with the specific stage of PVL and implicates iNOS-expressing activated microglia early in development of the PVL lesion. Below we discuss the significance of each of our findings with an emphasis upon the relevance to pre-OL nitrosative injury previously reported by us.
Increase in iNOS expression in PVL
In our study, iNOS expression was found in macrophages of the focal necrotic lesion as well as astrocytes and activated microglia in the diffuse component. Upregulation of iNOS protein in each of these cell types has been reported previously in animal models of hypoxia [18, 24] , ischemic infarcts in the developing human brain [1] as well as other diverse adult neurological disorders such as multiple sclerosis [27, 32] and Alzheimer's disease [23, 44] . The expression of iNOS in the diffuse region surrounding the focal lesion in PVL is consistent with the presence of NT adducts found by us in this same region [14] . In our previous study, we found NT adducts in the pre-OLs of the diffuse white matter injury, indicating nitrosative damage, which could potentially result in OL damage, loss, or dysfunction, particularly given the vulnerability of pre-OLs to peroxynitrite, the reaction product of NO and superoxide anion [26] . Our finding of iNOS upregulation in PVL in reactive astrocytes, macrophages, and activated microglia suggests that iNOS is the source of nitrosative stress in PVL and specifically the source of nitrosative damage in pre-OLs. Fig. 1 Localization of iNOS expression in PVL. The expression of iNOS is seen in macrophages of the focal necrosis of a subacute PVL lesion in a 39-PC week infant (a, b). In this same case, iNOS expression is seen in the diffusely gliotic white matter surrounding the focal necrosis in cells morphologically identified as reactive astrocytes (c). The number of iNOSexpressing cells is significantly reduced in a control case at 37 PC weeks (d). Binding of the iNOS antibody was blocked in the PVL case from above using an excess of the peptide from which the antibody was produced (e) Fig. 2 The expression of iNOS in PVL and controls. The standardization score of iNOS-expressing cells adjusted for PC age is significantly increased in PVL relative to controls (P = 0.01). The score of iNOS-expressing cells adjusted for PN age as well as GA is also significantly increased in PVL relative to controls (data not shown)
Cell-specific expression of iNOS in PVL
In the PVL cases, we examined stages of lesion progression characterized by sequential histopathologic features. Interestingly, we found differences in the cell-specific expression of iNOS in the diffuse component depending on the associated age of the focal lesion. Regardless of the stage of the lesion, reactive astrocytes expressed iNOS. In the earliest stage of the lesion, the acute stage, activated microglia were predominantly iNOS-positive. This differed from PVL cases of an organizing or subacute stage in which activated microglia were predominantly iNOS-negative. These findings suggest two possibilities: (1) microglial activation with iNOS upregulation in the absence of astrogliosis may represent the earliest response to an insult and possibly the earliest lesion of PVL; and (2) in PVL, there exist two waves of iNOS expression with an early and transient expression of iNOS upregulation by activated microglia, followed by a second, more stable wave of expression by reactive astrocytes. A feature of human pathological research is that we only see ''snapshots'' of the disease process, i.e., the analysis of ongoing events at precisely timed intervals is rarely possible. However, animal models allow for elucidation of the timing and are necessary to address these questions. In support of the idea that microglial activation represents the earliest lesion, an animal model of cerebral hypoxia-ischemia in the immature rat shows the appearance of activated microglia within 4 h of hypoxic insult followed by the appearance of reactive astrocytes at 24 h [39] . In support of the transient expression of iNOS in microglia is a report in a postnatal rat model of iNOS expression appearing within 3 h of hypoxia and then undetectable by 15 h [45] . This finding differs from that of astrocytic expression of iNOS, which has been observed in models of transient ischemia from 3 days to 1 month following the initial insult [9, 31] . These considerations raise the possibility that microglial activation in the absence of reactive astrocytes represents the earliest pathological change in the white matter surrounding early coagulation of tissue in the focal component of PVL.
Expression of iNOS in reactive astrocytes
We detected iNOS predominantly in reactive astrocytes of the diffuse lesion in association with all ages of focal necrosis as well as in the periventricular white matter of controls, although to a much lesser degree. When we examine the percentage of iNOS-positive, GFAP-expressing astrocytes in both PVL and controls at an age spanning the period of term birth, we see no difference between PVL and controls, with approximately 87% of astrocytes expressing iNOS in both groups. Of note, we have previously shown that GFAP-expressing astrocytes are significantly increased in PVL relative to controls in the diffuse lesion [14] . Thus, while a majority of reactive astrocytes at term express iNOS, there is an overall significant increase in reactive astrocytes in PVL also expressing iNOS. As a consequence, overall levels of iNOS expression in PVL appear to be significantly greater than control levels of iNOS in astrocytes in the developing white matter.
The question arises as to the significance and role of the physiological presence of reactive astrocytes and of iNOS expression in reactive astrocytes in normal development given that reactive astrocytes are present in our control cases, albeit to a much lesser degree than our PVL cases, and that 86% of astrocytes expressed iNOS from 35 to 54 PC weeks, a critical period of brain growth and maturation. While our control tissue presents the caveats listed below, the presence and significance of physiological as opposed to pathological gliosis, both defined here by the increased expression of GFAP in human development and pathology remains to be determined. There is evidence in developing kittens, however, of a high density of GFAPpositive astrocytes in the white matter during the first three postnatal weeks which diminishes thereafter [29, 36, 37] . It was suggested that these astrocytes play a role in the development and guidance of axons to their specific cortical destination in this animal model [36] . In this regard, NO plays a stimulatory role in neurite outgrowth [17] as well as in growth cone development [5, 35, 40] . While speculative, a potential role for astrocytic iNOS expression and subsequent NO production in axonal growth in human development is supported by the fact that axonal growth, as determined by the expression of the growth cone protein GAP43, continues through the period of term birth and decreases thereafter [15] , a pattern similar to astrocytic iNOS expression. The precise equivalent time-periods, however, between the developing kitten and human infant are unknown, thereby warranting caution when comparing the kitten data to human development.
Potential limitation of the study
An unavoidable limitation of this study involves the nature of control brain tissue from autopsied infants in the perinatal brain. All infants dying in the preterm age range have disease processes that involve terminal hypoxia-ischemia that may affect the brain. Despite the complexity in systemic disease processes and agonal conditions in our control population, there was no significant cerebral white matter pathology on standard histologic examination underscoring the appropriateness of their use for baseline analysis.
Conclusion
Our data provide evidence of not only a pathologic source of nitrosative stress in PVL, i.e., reactive astrocytes and activated microglia, but also a potential physiological role for iNOS-produced NO in normative development. The concept that physiological levels of iNOS and NO play a role in development and that this role switches to a detrimental one when produced in excess in an adverse environment, triggered in the case of PVL by ischemia/ reperfusion, the presence of oxidative stress, and subsequent peroxynitrite and nitrotyrosine production, is a major underlying theme in perinatal brain damage. Fig. 4 Astrocytic expression of iNOS in PVL and controls. The percentage of GFAP-positive reactive astrocytes that express iNOS was determined in the diffuse component of PVL and in the corresponding periventricular white matter of control cases. In the overlapping ages of 35-54 PC weeks, there is no significant difference in the percentage of GFAP-positive astrocytes that express iNOS, although the overall density of iNOS positive glia (Fig. 2) as well as GFAP positive astrocytes [16] in control tissue is significantly less than in PVL
